Introduction {#sec1}
============

Hypertension is a major worldwide public health problem associated with a variety of complications including stroke, heart failure, and kidney failure. Diets play a strong contributory role in blood pressure. Dietary potassium (K^+^) intake is highly related to blood pressure and mortality, and recent studies have shown that K^+^ intake was inversely related to blood pressure \[[@B1]--[@B3]\]. The sodium (Na^+^) chloride (Cl^−^) cotransporter (NCC) expressed in the distal convoluted tubules (DCT) in the kidney plays an important role in the regulation of urinary K^+^ excretion, as well as in blood pressure regulation by NaCl reabsorption. In previous animal studies, a low-K^+^ diet increased the total amount and the phosphorylation of NCC \[[@B4]--[@B9]\] and elevated blood pressure \[[@B4],[@B10]\]. This elevation of blood pressure with a low-K^+^ diet was dependent upon NCC, because NCC^−/−^ mice did not show an elevation of blood pressure when under a low-K^+^ diet \[[@B4]\]. Although NCC itself does not directly transport K^+^, the amount of NaCl reabsorption in the DCT affects the delivery of Na^+^ to the downstream cortical collecting ducts where K^+^ is excreted, based upon Na^+^ reabsorption via epithelial Na^+^ channels. The notion that the NCC is important for regulating K^+^ excretion is also supported by the facts that two genetic diseases, Gitelman syndrome (caused by the loss-of-function of NCC) and pseudohypoaldosteronism type II (caused by the gain-of-function of NCC) show hypokalemia and hyperkalemia, respectively \[[@B11],[@B12]\].

With-no-lysine kinase (WNK) kinases phosphorylate the STE20/SPS1-44 related proline-alanine-rich protein kinase (SPAK) and the related oxidative stress-related kinase 1 (OSR1), which directly activate NCC \[[@B13],[@B14]\]. It has been proposed that the phosphorylation of NCC with a low-K^+^ diet is dependent upon WNK4 and OSR1/SPAK kinases. Low K^+^ activates not only NCC but also WNKs and SPAK \[[@B4],[@B7],[@B8],[@B10]\]. Furthermore, WNK4^−/−^ and SPAK^−/−^ mice showed either no increase or only a mild increase, in pNCC in response to a low-K^+^ diet, respectively \[[@B4],[@B7]--[@B9],[@B15]\]. Disrupting both SPAK and OSR1 almost completely ablated the response of pNCC to dietary K^+^ restriction \[[@B4],[@B9]\]. The mechanism by which low K^+^ activates WNKs was previously investigated in cultured cells and postulated as follows: a decrease in extracellular K^+^ concentration (\[K^+^\]~ex~) affects the membrane potential of cells, thereby decreasing intracellular Cl^−^ concentration (\[Cl^−^\]~i~) with Cl^−^ efflux via a Cl^−^ channel \[[@B4]\]. Since WNK kinases are regulated by \[Cl^−^\]~i~ \[[@B15],[@B16]\], this decrease in \[Cl^−^\]~i~ by low \[K^+^\]~ex~ activates WNK signaling. As for the molecular identity of the channel responsible for the Cl^−^ efflux in DCT, ClC-Kb (a human homolog of ClC-K2) chloride channel has been postulated due to its localization in the DCT \[[@B17],[@B18]\]. Additional genetic evidence showed that Barter syndrome type III caused by the loss-of-function mutations in the *CLCKB* gene (which codes ClC-Kb) had similar phenotypes to Gitelman syndrome \[[@B19],[@B20]\]. Further, a recent study using patch clamp analysis of tubules isolated from the ClC-K2 knockout mouse reported that ClC-K2 is the predominant Cl^−^ channel on the basolateral membrane of DCT cells \[[@B21]\]. Indeed, Terker et al. \[[@B4]\] prepared HEK293 cells overexpressing wild-type (WT) or loss-of-function mutant ClC-Kb, and they found that low-K^+^-induced phosphorylation of NCC was attenuated by the mutation suggesting the potential role of ClC-Kb in regulating \[Cl^−^\]~i~ in the DCT cells. However, these data were obtained only from *in vitro* cultured cell studies. To clarify the contribution of ClC-K2 in the mechanism of NCC phosphorylation in response to K^+^ restriction *in vivo*, we performed animal studies. Previously, we generated *Bsnd^neo(R8L)/neo(R8L)^* (*Bsnd^neo/neo^*) mice, which are hypomorphic of a disease-causing mutant barttin (R8L barttin) \[[@B22]\]. Barttin (coded by the *Bsnd* gene) is an essential β-subunit for both ClC-Ka/1 and ClC-Kb/2 channels \[[@B23],[@B24]\]. Since barttin is crucial for ClC-K membrane localization and stability, the genetic ablation of barttin resulted in a ClC-K knockout condition \[[@B25]\]. We used *Bsnd^neo/neo^* mice to investigate the role of ClC-K and barttin in NCC activation by low-K^+^ diet.

Materials and methods {#sec2}
=====================

Animal experiments {#sec2-1}
------------------

All experiments were performed in accordance with the guidelines for animal research of Tokyo Medical and Dental University, and the protocol was approved by The Animal Care and Use Committee of Tokyo Medical and Dental University. Studies were performed on *Bsnd^neo/neo^* mice (C57BL6 background) as a loss-of-function model for ClC-K \[[@B22]\]. Littermates WT mice or C57BL/6 mice (Japan SLC, Inc., Hamamatsu, Japan) were used for WT control mice. We used mixed sex, 20--30 g body weight, 10--16 weeks old mice. These parameters were matched in each group. A high-salt and normal-K^+^ diet (6% NaCl, 1% K^+^, a high-salt and normal-K (HSNK) diet) and a high-salt and low-K^+^ diet (6% NaCl, 0.01% K^+^, a high-salt and low-K (HSLK) diet) were prepared by adding NaCl and KCl (or sucrose for adjustment of volume) to a K^+^-deficient diet which was modified from AIN-76 diet (Oriental Yeast Co., Tokyo, Japan). Blood was collected from the retro-orbital venous plexus under anesthesia. Blood data were analyzed by iSTAT EC8+ (Abbott, Inc., Abbott Park, IL). Serum aldosterone levels were measured by the SRL clinical laboratory service (Tokyo, Japan). Noninvasive systolic blood pressures were measured by a programmable tail-cuff sphygmomanometer (MK-2000A, Muromachi Kikai Co., Tokyo, Japan) with the investigator blinded for the treatment groups. Systolic blood pressure of mice consuming an HSNK diet was measured after a 2-day period of acclimation to the instrument. Blood pressure was recorded again 2 days after switching diets from an HSNK diet to an HSLK diet. The changes in blood pressure after the switching diets were compared between WT mice and *Bsnd^neo/neo^* mice with unpaired *t* test. Each blood pressure data point was calculated as the mean of \~20 sequential measurements.

Western blotting and immunofluorescence {#sec2-2}
---------------------------------------

Immunoblotting and immunofluorescence were performed as previously described \[[@B7]\]. The detail of the method is described in Supplementary information. Briefly, kidneys were homogenized and then the homogenates were centrifuged to separate entire kidney samples without the nuclear fraction, as either whole kidney lysates (600 g, supernatant) and crude membrane fraction (17000 g, pellet). The membrane fractions were used for the analysis of barttin, ClC-K, pNCC and total NCC (tNCC). The whole kidney lysates were used for the WNK4, pSPAK and tSPAK detection. The relative intensities of immunoblot bands were analyzed and quantitated using ImageJ software (National Institutes of Health, Bethesda, MD). For the experiment of correlation between pNCC and plasma K^+^ concentration, each value of pNCC/tNCC from HSLK groups were compared with their internal control group on an HSNK diet. pNCC/tNCC average of the internal control group was set to 1.

For immunofluorescence, kidneys were fixed by perfusion through the left ventricle with periodate lysine (0.2 M) and paraformaldehyde (2%) in PBS. Tissue samples were soaked for several hours in 20% sucrose in PBS, embedded in Tissue Tek O.C.T. Compound (Sakura Finetechnical Co., Ltd, Tokyo, Japan), and frozen in liquid nitrogen.

Antibodies are listed in Supplementary Table S1. The primary antibodies used in the present study were as follows: rabbit anti-WNK4 \[[@B7]\], rabbit anti-pSPAK (Ser^383^, kindly gifted by Dr S.S. Yang, National Defense Medical Center) \[[@B26]\], rabbit anti-total SPAK (Cell Signaling Technology, Inc., Danvers, MA, \#2281), rabbit anti-pNCC (Ser^71^) \[[@B27]\], rabbit anti-tNCC \[[@B7]\], guinea pig anti-tNCC \[[@B7],[@B22]\], rabbit anti-ClC-K (kindly gifted by Dr T.J. Jentsch, Max-Delbrck-Centrüm für Molekulare Medizin) \[[@B25]\], and rabbit anti-actin antibody (Cytoskeleton, Inc. Denver, CO. AAN01, Lot 121). We raised a new anti-pSPAK antibody in rabbit against the synthetic peptide, which recognizes the same phosphorylation site as the previous one \[[@B26]\]. The band of WNK4, pSPAK and total SPAK had been confirmed by using the knockout mice (Supplementary Figure S1) \[[@B7]\]. We used two different pSPAK antibodies because we had used up the previous one. As for secondary antibodies, alkaline phosphatase-conjugated anti-IgG antibodies (Promega Corporation, Fitchburg, WI) and Alexa 488 or 546 dye-labeled antibodies (Molecular Probes, Inc., Eugene, OR) were used for Western blotting and immunofluorescence, respectively. Western Blue® (Promega Corporation, Fitchburg, WI) was used to detect the signals and immunofluorescence images were acquired using the LSM510 Meta confocal microscope (Carl Zeiss, Oberkochen, Germany). The linearity of protein detection for each antibody was confirmed in Supplementary Figures S2 and S3.

*Ex vivo* kidney slice experiment {#sec2-3}
---------------------------------

Kidney slices were prepared as described previously \[[@B28]\]. Kidney slices of less than 0.5 mm were cut using a microslicer (Natume Seisakusho Co., Ltd, Tokyo, Japan) on ice-cold Hank's buffer medium (110 mM NaCl, 3 mM KCl, 1.2 mM MgSO~4~, 1.8 mM CaCl~2~, 4 mM Na acetate, 1 mM Na citrate, 6 mM [d]{.smallcaps}-glucose, 6 mM [l]{.smallcaps}-alanine, 1 mM NaH~2~PO~4~, 3 mM Na~2~HPO~4~, 25 mM NaHCO~3~). All the sliced kidneys were incubated in the Hank's buffer medium at room temperature for 20 min. After the recovery in the Hank's buffer medium for 20 min, the slices from the same kidney were separated in normal-K^+^ (4 mEq/l) or low-K^+^ (2 mEq/l) medium, then incubated for 30 min at 28°C. Different K^+^ concentration medium was prepared by using KCl or choline chloride to maintain the same Cl^−^ concentration in each medium. During the experiments, all solutions were continuously bubbled with 95% O~2~ and 5% CO~2~. After the incubation, slices were snap-frozen in liquid nitrogen and processed for immunoblotting as same as for whole kidney samples described above and Supplementary information. After Western blotting, the fold change of the band density in a low-K^+^ medium to the one in a normal medium were analyzed.

Statistical analysis {#sec2-4}
--------------------

Data were presented as the means ± S.E.M. Two-way ANOVA and Bonferroni's post test was used to compare the multiple groups while the *t*test was used to compare two groups. For all analyses, a *P*-value \<0.05 was considered to be statistically significant. For correlation analyzes, Pearson's test was performed.

Results {#sec3}
=======

*Bsnd^neo/neo^* mice showed very low amount of barttin and ClC-K and no change in NCC phosphorylation {#sec3-1}
-----------------------------------------------------------------------------------------------------

Previously, we generated *Bsnd^neo/neo^* mice which contained a Neo-cassette and expressed a disease-causing R8L mutant of barttin \[[@B22]\]. Without deleting the Neo-cassette, the transcription of the *Bsnd* gene was significantly reduced. Unlike *Bsnd^−/−^* mice \[[@B25]\], *Bsnd^neo/neo^* mice could thrive to adulthood. In the present study, we confirmed that *Bsnd^neo/neo^* mice expressed only minimal amounts of barttin and ClC-K in their kidneys ([Figure 1](#F1){ref-type="fig"}A). We performed immunofluorescence to investigate the amount and localization of barttin in DCT in *Bsnd^neo/neo^* mice. In *Bsnd^neo/neo^*mice, the staining of barttin was reduced in the DCT cells. Furthermore, basolateral staining of the R8L barttin mutant was clearly impaired ([Figure 1](#F1){ref-type="fig"}B) as we previously reported \[[@B22]\]. These results suggested that ClC-K function in DCT cells was significantly reduced in *Bsnd^neo/neo^* mice.

![Baseline characteristics of *Bsnd^neo/neo^* mice\
(**A**) Representative immunoblots and densitometric analysis of barttin and ClC-K in the mice consuming a normal diet. The expression of barttin and ClC-K was quite low in the kidneys of *Bsnd^neo/neo^* mice; *n*=4. \*\**P*\<0.005 by unpaired *t*test. (**B**) Representative immunofluorescences in the DCTs of WT mice and *Bsnd^neo/neo^* mice. In *Bsnd^neo/neo^* mice, barttin staining (red) was low and the localization upon the basolateral membrane was impaired. NCC (green) was stained as a marker of DCTs. Scale bars indicate 50 µm. (**C**) Representative immunoblots and densitometric analysis of NCC; *n*=4. Abbreviation: n.s., not significant.](bsr-38-bsr20171243-g1){#F1}

We performed immunoblotting to determine whether *Bsnd^neo/neo^* mice on a normal diet have alterations in the NCC expression. No significant differences were observed in pNCC and tNCC between *Bsnd^neo/neo^* mice and WT mice ([Figure 1](#F1){ref-type="fig"}C).

The increase in NCC and SPAK phosphorylation in response to a low-K^+^ diet was significantly impaired in *Bsnd^neo/neo^* mice {#sec3-2}
------------------------------------------------------------------------------------------------------------------------------

To investigate the change of pNCC to K^+^ restriction, both WT mice and the *Bsnd^neo/neo^* mice were fed an HSNK diet or an HSLK diet same as a previous study \[[@B4]\]. Although general appearance of the mice consuming an HSLK diet were normal, *Bsnd^neo/neo^* mice started to lose weight after 3 days on an HSLK diet, which is probably due to potassium deficiency. Thus, we fed an HSLK diet or an HSNK diet, to the mice for only 2 days to avoid non-specific effects due to intolerance to HSLK diet. *Bsnd^neo/neo^* mice showed hypokalemia, metabolic alkalosis with low Cl^−^ and higher aldosterone levels when fed an HSNK diet ([Table 1](#T1){ref-type="table"}). In both WT mice and *Bsnd^neo/neo^* mice, plasma K^+^ levels were significantly reduced with an HSLK diet. There was no significant difference in the aldosterone level between *Bsnd^neo/neo^* and WT mice when compared with mice fed upon an HSLK diet.

###### Blood data from mice receiving an HSNK diet or an HSLK diet for 2 days

                WT          Bsnd^neo/neo^                                                         
  ------------- ----------- --------------- ------------- --- -------------- --- ---------------- ---
  Na            148 ± 1     9               147 ± 2       7   147 ± 2        6   146 ± 3          7
  K             4.7 ± 0.2   9               3.7 ± 0.2\*   7   3.4 ± 0.1^†^   6   2.7 ± 0.2\*^†^   7
  Cl            118 ± 1     9               114 ± 1       7   108 ± 2^†^     6   107 ± 2^†^       7
  tCO~2~        20 ± 1      6               20 ± 1        5   29 ± 1^†^      5   31 ± 2^†^        5
  BUN           21 ± 2      6               17 ± 1        5   25 ± 2         5   25 ± 1^†^        5
  Ht            42 ± 1      6               43 ± 2        5   48 ± 2         5   46 ± 2           5
  Aldosterone   163 ± 39    5               98 ± 48       5   418 ± 81^†^    6   112 ± 66\*       4

Values represent means ± S.E.M. Two-way ANOVA and Bonferroni's test were performed to analyze statistical differences. \**P*\<0.05, HSNK compared with HSLK in the same genotype. ^†^*P*\<0.05, WT compared with*Bsnd^neo/neo^* mice on the same diet. Abbreviations: BUN, blood urea nitrogen (mg/dl); Cl, chloride (mmol/l); Ht, hematocrit (%), aldosterone (pg/ml); K, potassium (mmol/l); Na, sodium (mmol/l); tCO~2~, total CO~2~ (mmol/l).

We performed immunoblotting to evaluate the relative levels of WNK4-SPAK-NCC cascade. First, we analyzed the expression levels of barttin and ClC-K in the WT mice consuming an HSNK or HSLK diet, and we found that there was no significant difference in barttin and ClC-K between the diets ([Figure 2](#F2){ref-type="fig"}A). Next, we found that both pNCC and tNCC were more abundant in the kidneys of WT mice consuming HSLK diet than those maintained upon HSNK diet ([Figure 2](#F2){ref-type="fig"}B). In *Bsnd^neo/neo^* mice, the increase in pNCC and tNCC with HSLK diet was not enough to show a statistical difference ([Figure 2](#F2){ref-type="fig"}B). The abundance of pSPAK and WNK4 in WT mice consuming HSLK diet showed significant increase and increasing tendency, respectively. However, the increase was not evident in *Bsnd^neo/neo^* mice ([Figure 2](#F2){ref-type="fig"}C). The abundance of pNCC is known to correlate with plasma K^+^ concentration \[[@B6]\]. We found that pNCC/tNCC was well correlated with plasma K^+^ level in both WT mice (*r* = −0.76, *P*=0.0038) and *Bsnd^neo/neo^* mice (*r* = −0.68, *P*=0.0071) ([Figure 2](#F2){ref-type="fig"}D). However, the slope of the regression lines was significantly greater in WT mice than in *Bsnd^neo/neo^* mice (*P*=0.020). These results indicate that the activation of WNK4-SPAK-NCC cascade in response to a low-K^+^ diet is dependent upon ClC-K function.

![Relationship between plasma potassium and the WNK4-SPAK-NCC cascade\
(**A**) Representative immunoblots of barttin and ClC-K, and densitometric analysis in WT mice (*n*=6). (**B**) Representative immunoblots of NCC and densitometric analysis. WT-HSNK, *n*=8; WT-HSLK, *n*=9; *Bsnd^neo/neo^*-HSNK, *n*=7; *Bsnd^neo/neo^*-HSLK, *n*=7. (**C**) Representative immunoblots of WNK4 and SPAK, and densitometric analysis. Arrows on the left side of WNK4, pSPAK and tSPAK blots indicate WNK4, pSPAK and tSPAK bands (anti-pSPAK antibody from Dr Yang). Number of animals was same as (B). (**D**) Regression lines between the intensities of pNCC/tNCC and plasma K^+^ levels. Gray squares, open squares, gray circles, and open circles indicate data from WT-HSLK, WT-HSNK, *Bsnd^neo/neo^*-HSLK, and *Bsnd^neo/neo^*-HSNK groups, respectively. The slopes of the regression lines were significantly different (*P*\<0.05). Response of pNCC and pSPAK to an HSLK diet was impaired in *Bsnd^neo/neo^* mice. \**P*\<0.05 and \*\**P*\<0.005 by Bonferroni's test after two-way ANOVA. The linearity of protein detection for each antibody was confirmed in Supplementary Figures S2. Abbreviations: K, potassium; n.s., not significant.](bsr-38-bsr20171243-g2){#F2}

In *ex vivo* kidney slice experiment, the increase in NCC phosphorylation in a low-K^+^ medium was not evident in *Bsnd^neo/neo^* mice {#sec3-3}
--------------------------------------------------------------------------------------------------------------------------------------

To exclude non-specific and indirect effects on pNCC and pSPAK with HSLK diet in *Bsnd^neo/neo^* mice, we performed *ex vivo* kidney slice experiments, as previously performed \[[@B29]\]. In the kidney slices from WT mice, pNCC and pSPAK were significantly increased in a low-K^+^ medium, however, which was not observed in the kidney slices from *Bsnd^neo/neo^* mice ([Figure 3](#F3){ref-type="fig"}). These data strongly supported our *in vivo* evidence that ClC-K is involved in SPAK and NCC activation in response to K^+^ restriction.

![*Ex vivo* kidney slices experiment\
(**A**) Representative immunoblots of kidney slices incubated in a normal or low-K^+^ medium. (**B**) Densitometric analysis of pNCC and SPAK in kidney slices (new anti-pSPAK antibody). The slices from the same mouse kidney were incubated in a normal medium or a low-K^+^ medium. The fold change to a normal medium was analyzed by unpaired *t*test; \**P*\<0.05, *n*=6. Open columns indicate normal medium groups, gray columns indicate low-K medium groups. The linearity of protein detection for each antibody was confirmed in Supplementary Figure S3. Abbreviations: LK, low potassium medium (K^+^ 2 mEq/l); NK, normal potassium medium (K^+^ 4 mEq/l); n.s., not significant.](bsr-38-bsr20171243-g3){#F3}

*Bsnd^neo/ne^*^o^ mice did not show an elevation in blood pressure when fed an HSLK diet {#sec3-4}
----------------------------------------------------------------------------------------

To determine the contribution of ClC-K in the rise in blood pressure induced by a low-K^+^ diet, we compared the effects of diet to blood pressure between *Bsnd^neo/neo^* mice and WT mice. In WT mice, blood pressure showed increasing tendency (*n*=14, *P*=0.10), when fed an HSLK diet, but did not show an increase in *Bsnd^neo/neo^* mice (*n*=11, *P*=0.10) ([Figure 4](#F4){ref-type="fig"}A). The change in blood pressure between the diets was significantly greater in the WT mice than in the *Bsnd^neo/neo^* mice (*P*=0.009) ([Figure 4](#F4){ref-type="fig"}B). These data indicate that ClC-K plays a role in hypertension induced by a low-K^+^ diet, probably via the activation of WNK4, SPAK, and NCC.

![Systolic blood pressure measurement by tail cuffs\
At first, the mice were maintained on an HSNK diet, then the food was switched to an HSLK diet. BP were compared between the HSNK diet and the HSLK diet. (**A**) The average of systolic BP. BP from HSLK diet was significantly greater in WT than in *Bsnd^neo/neo^*. (**B**) A box-and-whisker plot of the change in BP between the diets. Boxes demonstrate median and 25--75% range; whiskers extend to the most extreme data point. The averages were shown as 'x's in the boxes. The change in BP was greater in WT than in *Bsnd^neo/neo^*. \**P*\<0.05 according to the unpaired *t* test. *n*=14 (WT), *n*=11 (*Bsnd^neo/neo^*). Abbreviations: BP, blood pressure; HSLK, high-salt and low-potassium diet; ΔBP, change in BP.](bsr-38-bsr20171243-g4){#F4}

Discussion {#sec4}
==========

Using *Bsnd^neo/neo^* mice, we demonstrated that ClC-K and barttin play an important role in the activation of WNK4-SAPK-NCC cascade in low-K^+^ conditions. When WT mice were fed an HSLK diet, the WNK4-SPAK-NCC cascade was activated, however, such activation did not occur in *Bsnd^neo/neo^* mice. In previous *in vitro* studies using HEK293 cells, loss-of-function mutant ClC-K2 transfection and a Cl^−^ channel inhibitor (DIDS) treatment showed a lower increase in pNCC in the response to a low-K^+^ condition \[[@B4]\]. Consistent with these findings *in vitro*, our *in vivo* findings strongly support the contribution of ClC-K2 in the mechanism underlying the low-K^+^-induced phosphorylation of NCC.

The potential importance of the Cl^−^ channel in the regulation of WNK kinases is based on the idea that WNKs behave as Cl^−^-sensitive kinases \[[@B6],[@B30]\]. WNKs have direct Cl^−^-binding sites in their catalytic sites, and these residues are conserved amongst WNKs \[[@B15],[@B16]\]. The Cl^−^ ion binding to these sites inhibits autophosphorylation (= activity) of WNK kinases. It is thought that the negative basolateral membrane potential (hyperpolarization) is the main driving force for Cl^−^ to exit the cell \[[@B31]\]. In low-K^+^ condition, the Kir4.1/Kir5.1 complex makes the driving force because it is thought to be the predominant K^+^ channels in the basolateral membrane of DCT cells \[[@B32],[@B33]\]. Indeed, the recent report about the doxycycline inducible kidney-specific *Kcnj10* knockout mouse showed that the lack of Kir4.1 (coded by *Kcnj10*) decreased the K^+^ reversal potential and basolateral Cl^−^ conductance in DCT cells \[[@B34]\]. In humans, loss-of-function mutations in the gene encoding Kir4.1 cause SeSAME/EAST syndrome, characterized by an electrolyte imbalance reminiscent of Gitelman syndrome, including salt wasting, hypocalciuria, hypomagnesemia, and hypokalemic metabolic alkalosis \[[@B35]\]. Because ClC-K2/b is the main Cl^−^ channel in the basolateral membrane of DCT cell \[[@B21]\], it is expected that the lack of ClC-K2/b disrupts the Cl^−^ exit in response to the change of \[K^+^\]~ex~. Indeed, although we could not analyze a change in \[Cl^−^\]~i~ in DCT cells, our finding that the *Bsnd^neo/neo^* mice did not show an increase in pSPAK after consuming a low-K^+^ diet strongly supports this hypothesis. We designed the scheme in [Figure 5](#F5){ref-type="fig"}.

![A scheme illustrating the mechanism\
Basolateral low extracellular potassium regulates the phosphorylation of the apical NCC in DCT cells of WT mice (left panel). In *Bsnd^neo/neo^* mice (right panel), NCC was not activated by low extracellular potassium.](bsr-38-bsr20171243-g5){#F5}

Furthermore, we found that a low-K^+^ diet induced an increase in blood pressure in WT mice, which was not observed in the *Bsnd^neo/neo^* mice. This indicates that ClC-K2/b contributes to the low-K^+^-induced hypertension via the WNK4-SPAK-NCC cascade. Because the elevation of blood pressure by the low-K^+^ diets was related to cardiovascular events and mortality \[[@B3]\], our findings suggested that CLC-K2/b could also be a drug target to decrease cardiovascular events as well as blood pressure.

A previous study clearly showed the decrease in NCC in ClC-K2 KO mice on the normal diet \[[@B21]\]. This result indicates the importance of ClC-K2 in NCC expression. However, the *Bsnd^neo/neo^* mice on the normal diet did not show a decrease in NCC ([Figure 1](#F1){ref-type="fig"}C). One possible explanation for the discrepancy is that a minimal expression of ClC-K2 in *Bsnd^neo/neo^* mice might be enough for NCC expression. A previous experiment using isolated distal tubules showed that the Cl^−^ channel inhibitor NPPB had no effect on basolateral resting membrane potential \[[@B36]\]. Thus, it seems that the Cl^−^ efflux via ClC-K2 mainly occurs when a negative basolateral potential is generated by K^+^ channels, and the contribution of ClC-K2 for NCC expression on normal diet might be minimal.

In summary, *Bsnd^neo/neo^* mice consuming a low-K^+^ diet showed a blunted activation of the WNK4-SPAK-NCC cascade and a lesser increase in blood pressure. ClC-K2/b and barttin play important roles in low-K^+^-induced phosphorylation of NCC and regulation of blood pressure via the WNK4-SPAK cascade.

Supporting information {#sec5}
======================

###### 

**Confirmation of phospho-specific-SPAK antibody *in vivo***. Immunoblot of kidney homogenate from wild-type (left lane) and SPAK knockout mouse (right lane) with a phospho-specific SPAK antibody. The disappearance of bands from a SPAK knockout mouse confirms the specificity of our antibody (shown with arrows).

###### 

**Confirmation of our protein amount detection system by Western blotting in Figure 2.** The same loading amount of proteins as used in Figure 2 were set to 1. Half and quarter amount of protein was loaded together and the signal intensity was evaluated. (A) Representative immunoblots. (B) Correlation between the signal intensity and protein amount. Means with SEM were shown in the graphs. N = 4.

###### 

**Confirmation of our protein amount detection system by Western blotting in Figure 3.** The same loading amount of proteins as used in Figure 3 were set to 1. Half and quarter amount of protein was loaded together and the signal intensity was evaluated. (A) Representative immunoblots. (B) Correlation between the signal intensity and protein amount. Means with SEM were shown in the graphs. N = 4.

###### List of antibodies
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:   distal convoluted tubule
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:   4,4′-diisothiocyanato-2,2′-stilbenedisulfonic acid disodium salt

HSLK

:   high-salt and low-K

HSNK

:   high-salt and normal-K

KO

:   knockout

NCC

:   sodium chloride cotransporter
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:   oxidative stress-related kinase 1
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